In the framework of the color-magnetic interaction, we have systematically studied the mass splittings of the possible hidden-charm pentaquarks qqqcc (q = u, d, s) where the three light quarks are in a color-octet state. We find that i) the LHCb Pc states fall in the mass region of the studied system; ii) most pentaquarks should be broad states since their S-wave open-charm decays are allowed while the lowest state is the J P = 1 2 − Λ-like pentaquark with probably the suppressed ηcΛ decay mode only; and iii) the J P = 5 2 − states do not decay through S-wave and their widths are not so broad. The masses and widths of the two LHCb Pc baryons are compatible with such pentaquark states. We also explore the hidden-bottom and Bc-like partners of the hidden-charm states and find the possible existence of the pentaquarks which are lower than the relevant hadronic molecules.
In the framework of the color-magnetic interaction, we have systematically studied the mass splittings of the possible hidden-charm pentaquarkscc (q = u, d, s) where the three light quarks are in a color-octet state. We find that i) the LHCb Pc states fall in the mass region of the studied system; ii) most pentaquarks should be broad states since their S-wave open-charm decays are allowed while the lowest state is the J P =
2
− Λ-like pentaquark with probably the suppressed ηcΛ decay mode only; and iii) the J P =
− states do not decay through S-wave and their widths are not so broad. The masses and widths of the two LHCb Pc baryons are compatible with such pentaquark states. We also explore the hidden-bottom and Bc-like partners of the hidden-charm states and find the possible existence of the pentaquarks which are lower than the relevant hadronic molecules. 2 , respectively and their P parities are opposite. Later, the P c (4380) and P c (4450) were confirmed by the reanalysis with a model-independent method [2] . Recently, these two P c states were also observed in the Λ 0 b → J/ψpπ − decay [3] .
In fact, the theoretical exploration of the hidden-charm pentaquarks was performed before the observation of two P c states by LHCb. In Refs. [4, 5] , the authors predicted two N The observation of these P c resonances also stimulated the arguments for more possible pentaquarks [67] [68] [69] [70] [71] . Productions of another N * and Λ * cc were discussed in Ref. [72] and Refs. [73] [74] [75] , respectively. For the detailed overview on the hidden-charm pentaquarks, the readers may refer to Refs. [76, 77] .
The dynamical calculations of the bound states are relatively easier if one treats the system as two clusters. The investigation at the quark level is also simplified when one assumes the existence of substructures in a five-body system. If a hidden-charm pentaquark really exists, its spin partners with the same flavor content should also exist. The existence of substructures certainly results in less pentaquarks. Needless to say, configurations with various substructures (baryon-meson, diquark-diquark-antiquark, or diquark-triquark) lead to different results. From symmetry consideration, a physical pentaquark state should be a mixture of all these configurations with various color structures. We here would like to explore a pentaquark structure without the assumption of its substructure.
The masses of the P c 's are both above the threshold of J/ψp. Because the interaction between the J/ψ and nucleon is very weak, the scattering resonances in this channel are not appropriate interpretations for the observed P c states. We focus on the possible pentaquark configurations where either the three light quarkor the cc pair is a color octet state. We investigate whether the lower P c state can be assigned as a tightly bound five-quark state and explore its possible partner states. Recently, there appeared a preliminary quark model study on the hidden color-octet uud baryons [43] .
In principle, a dynamical calculation for a five-body problem is needed in order to calculate their masses. In this work, we calculate their mass splittings with a simple color-magnetic interaction from the one-gluon-exchange (OGE) potential. For example, the ∆ + baryon and the proton have the same quark content and color structure and their mass difference mainly arises from the color-magnetic interaction. With the calculated mass splittings and a reference threshold, one can estimate the pentaquark masses roughly.
This paper is organized as follows. In Sec. II, we construct the f lavor ⊗ color ⊗ spin wave functions of the hiddencharm pentaquark states and calculate the matrix elements for the color magnetic interaction in the symmetric limit. Then we consider the flavor breaking case in Sec. III and give numerical results in Sec. IV. In Sec. V, we explore the heavier pentaquarks. We discuss our results and summarize in the final section.
II. WAVE FUNCTIONS AND COLOR-MAGNETIC INTERACTION
The color-magnetic Hamiltonian reads
where the i-th Gell-Mann matrix λ i should be replaced with −λ * i for an antiquark. In the Hamiltonian, m i is the effective mass of the i-th quark and C ij ∼ δ(r ij ) /(m i m j ) is the effective coupling constant between the i-th quark and the j-th quark. The values of the parameters for light quarks and those for heavy quarks are different and they will be extracted from the known hadron masses. For the hidden-charm systems, we have four types of coupling parameters C, C qc , C qc , and C cc with q = u, d, s. More parameters need to be determined for the otherQQ pentaquarks (Q = b, c). In Ref. [78] , we have estimated the mass of another not-yet-observed but plausible exotic meson T cc with this simple model. In Refs. [79] [80] [81] , we discussed the mass splittings for the QQQQ, cscs, and QQQq systems, respectively.
To calculate the required matrix elements of the color-magnetic interaction (CMI), we here construct the flavorcolor-spin wave functions of the ground state pentaquark systems. These wave functions will also be useful in the study of other properties of the pentaquak states in quark models. In Ref. [8] , a study with the color-magnetic interaction is also involved but the wave functions are constructed with flavor SU (4) symmetry. Now we consider flavor SU (3) symmetry and treat the heavy (anti)quark as a flavor singlet state.
Because the three light quarksmust obey Pauli principle, it is convenient to discuss the constraint with flavorspin SU (6) f s symmetry. The three-quark colorless ground baryons belong to the symmetric [3] = 56 representation. Its SU (3) f ⊗SU (2) s decomposition gives (10, 4)+(8, 2) and therefore flavor singlet baryon in 3⊗3⊗3 = 10+8+8+1 is forbidden. Now the color-octetmust belong to the mixed [21] = 70 SU (6) f s representation. The SU (3) f ⊗SU (2) s decomposition gives (10, 2) + (8, 4) + (8, 2) + (1, 2). So the flavor singlet pentaquark is allowed and we have two flavor octets with different spins. There is no symmetry constraint for the heavy quark pair and one finally gets three pentaquark decuplets with J = 1/2, 1/2, and 3/2, three octets with J = 1/2, 1/2, and 3/2, four octets with J = 3/2, 1/2, 3/2, and 5/2, and three singlets with J = 1/2, 1/2, and 3/2.
To get a totally antisymmetricwave function, we need the components presented in Tab. I and need to make appropriate combinations. The notation M S (M A) means that the first two quarks are symmetric (antisymmetric) Multiplet Space Wave function Wave function 
Color wave functions of the light quarks.
Color wave functions of the heavy quark pair.
when they are exchanged in corresponding space and the superscript S (A) means that the wave function is totally symmetric (antisymmetric). When one combines the color and spin (or flavor and color, or flavor and spin), a wave function with a required symmetry is determined by the relative sign between different components. For example,
is symmetric for the exchange of color and spin indices simultaneously for any two quarks. If one uses a minus sign, the wave function is symmetric only for the first two quarks, i.e. a mixed M S type color-spin wave function. One has to adopt a self-consistent convention for the SU(3) Clebsch-Gordan (C.G.) coefficients when constructing the wave functions. We here take the convention convenient for use [82, 83] . For clarity, we present the color wave functions ofin Fig. 1 and those of cc in Fig. 2 . The flavor octet wave functions are easy to obtain with the replacements r → u, g → d, and b → s. The spin wave functions for the spin-half case are χ
(↑↓ − ↓↑) ↑, and χ
(↑↓ − ↓↑) ↓. There is no confusion for the totally symmetric flavor and spin wave functions and we do not show them explicitly.
With explicit calculation, we find the totally antisymmetric wave functions of the coloredstates and show them in Tab. II.
Multiplet
Flavor-color-spin wave function 10 f By calculating the CMI matrix elements for ground state baryons and mesons [88] , we extract the effective coupling parameters presented in Tab. III. In determining C cn , one may also use the mass difference between Λ c and Σ c . The resulting pentaquark masses would be around 10 MeV lower, which is a not a large number in the present method of estimation. Since we also discuss hidden-bottom and B c -like pentaquark states, Tab. III displays relevant parameters, too. Because there is no experimental data for the B * c meson, we determine the value of C bc to be 3. In the simple model used in the present study, the mass splittings of the pentaquark states mainly rely on the coupling parameters. The masses can be roughly estimated with the formula
In the latter scheme, the reference system has the same quark content with the pentaquark system and the dependence on the effective quark masses is partially canceled. We will show results in both schemes. Here, the effective quark masses are m n = 361.8 MeV, m s = 540.4 MeV, m c = 1724.8 MeV, and m b = 5052.9 MeV, which are also extracted from the ground hadrons. In Ref. [80] , it is illustrated that these effective quark masses result in overestimated hadron masses and one may treat the values as theoretical upper limits. Then we mainly focus on the second scheme and use various meson-baryon thresholds as reference masses.
A. The nnncc system
In this case, there are two types of thresholds we may use: (charmonium)+(light baryon) and (charmed baryon)+(charmed meson). However, the CMI matrix elements H CM (J/ψp) = −119 MeV and H CM (ΣcD) = −102 MeV are not consistent with the thresholds (4035 MeV for J/ψp and 4320 MeV for Σ cD ). This indicates that one cannot eliminate completely the quark mass effects with the reference mass scheme. The reason is that the model does not involve dynamics and the contributions from the other terms in the potential model are related with the system structure. For example, the additional kinetic energy can probably shift the estimated mass to a more physical value [90] . To understand which threshold is more reasonable, one needs detailed calculation in a future work. Here, we estimate pentaquark masses with both types of thresholds. The numerical results are given in Tab. IV. The use of the J/ψN , J/ψ∆, η c N , and η c ∆ thresholds gives similar values and that of Σ cD , Σ cD * , Σ * cD , and Σ * cD * gives similar values. The reference threshold Λ cD or Λ cD * results in around 10 MeV lower masses than Σ cD does. We do not present these results in the table. − can decay to these channels from the parity conservation and the angular momentum conservation. The isospin conservation reduces the number of decay channels and we label the isospin, for convenience, in the subscripts of the meson-baryon states. Once the considered state is an initial pentaquark plotted with dashed (solid) line, it can decay into meson-baryon channels having the subscript ). Of course, whether the decay can happen or not is also kinematically constrained by the pentaquark mass, which depends on models. Contrary to the light quark case, the decay for the hidden-charm pentaquarks may also get constraints from the heavy quark symmetry. For the states with (I, J) = ( 2 ), the cc spin is always 1. Their decays into η c ∆ and η c N , respectively, involve the heavy quark spin-flip and are suppressed. In fact, all the hidden-charm decay channels of the studied pentaquarks are probably suppressed because the transition from a colored cc to a colorless cc is a high order correction of 1/m c . With these considerations in mind, it is easy to judge which channels can be used to search for such unobserved pentaquark states.
From the results in Fig. 3 (a), it is obvious that the heaviest state is a decuplet baryon with J = 
(dashed) and I = and falls in the mass range of the studied system. Thus, if the estimated masses are reasonable, the interpretation for the P c (4380) as a tightly bound pentaquark with colored cc is not excluded, although the present study cannot give a preferred spin. The partner states decaying into J/ψp in the mass region (4280∼4520 MeV) are also possible. Above the 4520 MeV, the observation of pentaquark-like baryons in the invariant mass of J/ψ∆ is possible, too. All these pentaquarks have open-charm decay channels and are probably broad states. However, their decays into hidden-charm channels should have a small fraction. The feature of the broad width does not contradict with the observed P c (4380). The branching ratios for various decay channels will be crucial information to understand its nature. Note that the decays of the
− state (slightly below the Σ * cD * threshold) into the channels in the figure are all through D wave. The width of this state should not be so broad. If our result is overestimated, both the mass and the width seem not to be contradicted with those of the P c (4450), although the parity is opposite to the preferred P = +. In the literature, various calculations also find a J P =
2
− state below the Σ * cD * threshold. If the parity of the P c (4450) is really +, search for such a negative parity state is also strongly called for. It is difficult to understand the nature of the P c (4450) without further investigations. Now we discuss the masses estimated with the J/ψN threshold. As mentioned in Ref. [80] , the obtained masses seem to be underestimated and can be treated as lower limits in this simple model. The argument is based on the formulae
where the effective quark masses are assumed to be equal for various hadrons. Of course this assumption leads to uncertainty for the hadron mass estimation. We illustrate this uncertainty with the J/ψN threshold. Because the used m c = 1724.8 MeV gives overestimated m J/ψ , it is not surprising that the former formula results in overestimated masses, where a charm-anticharm pair exists. When using the latter formula, in principle, one should have M (I =   3 2 ) states above the threshold of Λ cD (Σ cD ) should be broad. From the above arguments, probably the masses estimated with the Σ cD threshold are more reasonable. If this is the case, more hidden-charm pentaquarks that can decay into J/ψ∆ or J/ψp are allowed. After a dynamical calculation with more potential terms is performed in a future work, one can get more information for the masses of these hiddencharm pentaquarks. From the obtained masses, various thresholds in Fig. 3 (a) , and the above arguments, most pentaquarks are probably broad states with a small fraction for the hidden-charm decays. This feature should be different from the molecule picture, where the hidden-charm decays through rearrangement mechanisms are probably not suppressed. The exceptional case is for the J P = 5 2 − state. Its decays are through D wave and its width is probably not so broad. If the LHCb hidden-charm pentaquark states are confirmed, models of rearrangement decays need to be constructed on one hand, and the measurement of various branching ratios and the search for more proposed states, on the other hand, are strongly called for. Of course, the interference effects around the mass region would make the experimental analysis more difficult. This case is related with the Σ-like or Λ-like baryons with an excited charm-anticharm pair. In Refs. [4, 5] , the Λ-like molecules above 4.2 GeV were predicted. Higher states around 4.6 GeV are also proposed in Refs. [73, 75] . From a calculation with the one-meson-exchange model [71] , several (charmed baryon)-(charmed strange meson) and (charmed strange baryon)-(charmed meson) type molecules above 4.5 GeV are possible. Now we discuss the mass spectrum of a compact structure.
B. The nnscc system
For the compact pentaquarks with colored cc, the masses of the isovector (isoscalar) states result from the mixing of the 10 f , 8 f (1), and 8 f (2) (8 f (1), 8 f (2), and 1 f ) induced by the color-magnetic interaction. In the present scheme of mass estimation, there are three types of reference thresholds: (charmonium)+(nns baryon), (nnc baryon)+(cs meson), and (nsc baryon)+(cn meson), which give three sets of masses. The first threshold gives the lower limits of the masses and the masses estimated with the other thresholds are slightly different. We present the numerical results in Tab. V.
In Fig. 3 (b) , we show the masses estimated with the threshold of Ξ cD and various thresholds of relevant mesonbaryon states into which the pentaquarks may decay. The rearrangement decays involve 18 channels in total. Similar to the nnncc case, these channels are not forbidden by parity and angular momentum conservations, and the decays constrained by the isospin conservation and kinematics are easy to identify from the figure. As for the constraint from the heavy quark symmetry, the hidden-charm decay channels are suppressed by the color transition from octet to singlet. For the decays of the J = 5 2 states (both I = 0 and I = 0) into the η c channels, the suppression is also a heavy quark spin-flip type.
Compared with the nnncc case, the number of pentaquark masses and that of rearrangement decay patterns are both larger. It is obvious that most states have open-charm decay channels except the lightest one with (I, J) = (0, (30) MeV lower than those with the Ξ cD threshold. Since this number is not large, the main features do not change. Considering the lower limit in the present model, we may refine the mass region for this state to be 3980∼4360 MeV. Note that the predicted Λ-like states in the molecule picture in Refs. [4, 5] are slightly above this pentaquark. The search for such a state in the η c Λ channel or J/ψΛ channel is strongly called for.
The CMI in the SU f (3) symmetric case (Eq. (3)-Eq. (6)) may give us a hint why the low mass and thus narrow Λ-type pentaquark is possible. There are two matrix elements with obviously negative values, one in 1 f (S cc = 1, J = s and the present model only gives a rough estimation of its mass, whether it has a broad width or not needs further study. A possible channel to search for it is in the J/ψΣ invariant mass distribution. To understand the properties further, we plot in Fig. 3 (c) various thresholds and the relative positions of these states with the masses estimated with the threshold of Ξ c D s . Unlike the nnncc and nnscc cases, it is not necessary to label the isospin in the meson-baryon states since all the pentaquarks have isospin 1/2. As before, all the given channels in the figure are not forbidden by parity or angular momentum conservations but the heavy quark symmetry suppresses the hidden-charm decays. The remaining constraint comes only from the kinematics. Probably all these states are broad except the J P = also present the numerical results in Tab. VI. The relative positions plotted with the masses estimated with the threshold of Ω c D s and the decay properties can be found in Fig. 3 (d) . They should all be broad states.
V. HIDDEN-BOTTOM AND Bc-LIKE PENTAQUARKS
The formulas can be easily applied to much heavier hidden-bottom pentaquarks. If hidden-charm pentaquarks really exist, their bottom partners are more likely to form because of the less kinetic energy in the Hamiltonian. Before the observation of the exotic P c baryons, such hidden-bottom states had been investigated in Refs. [6, 91, 92] . For recent studies in different scenarios, one may consult Refs. [76, 77, 93] for an overview. 
(dashed) and I = 
11538 11498 11507 in Fig. 4 with the masses estimated from the thresholds of Σ b B, Ξ b B, Ξ b B s , and Ω b B s , respectively. The following discussions are based on the assumption that these estimated masses are reasonable. The basic features for the mass spectrum and the decay properties of the nnnbb system are similar to the hidden charm case: i) All the non-strange pentaquarks can decay into Υ (or η b ) plus p (or ∆) and all of them have also open-bottom decay channels; ii) Maybe the width for the J P = 5/2 − state is not so broad while others have broad widths; iii) The hidden bottom decay channels should have smaller branching ratios than the molecules do. If we compare results with those in Refs. [6, 91, 92] , where the S-wave Σ bB hadronic molecule was proposed, one can conclude here that lower hidden-bottom pentaquarks than the Σ bB threshold are possible, too.
The Σ-like or Λ-like hidden bottom system is more interesting than the hidden charm case. Now, the states concentrated around the threshold of Σ b B s are more than those around Σ c D s . There are probably three narrow Λ-like states with J P = − states, too. Anyway, the Λ-like states below 11100 MeV are worthwhile study [91, 92] . The searching for such states in the ΥΛ channel will give more information. The study for the isovector pentaquarks in the ΥΣ channel is also proposed.
For the Ξ-like and Ω-like hidden-bottom pentaquark systems, there is only one candidate having relatively narrow width, the J P = * may be through S-wave, its contribution should be suppressed. One may search for this state in the ΥΞ channel. Now we move on to the more exotic B c like pentaquarks. In Ref. [17] , possible B c -like pentaquarks are explored. Such baryons are lighter than the hidden-bottom states but heavier than the hidden-charm partners. If their existence is possible, we here give an estimation for the mass spectra of thebc andcb systems with colored. These two types of pentaquarks have slightly different masses. We present the numerical results for the nnnbc, nnsbc, and ssnbc (also sssbc) systems in Tabs. X, XI, and XII, respectively. Those for the nnncb, nnscb, and ssncb (also ssscb) systems in Tabs. XIII, XIV, and XV, respectively. For comparison, we show the relative positions for these two types of B c -like pentaquarks in the same Fig. 5 . For the two-body strong decays, all the channels involve flavored hadrons. Here, when we say "open-flavored channel", for convenience, it means that each final hadron contains a heavy (anti)quark. The nnncb system has similar features. In Ref. [17] , the lowest hadronic molecule is found to be Σ bD (Σ cB * ) in the case that the quark content is nnnbc (nnncb). Then we here may conclude that more pentaquarks below the molecules are possible. To distinguish a molecule from a compact pentaquark, one needs both further theoretical study and information from measured masses and decay branching ratios. Experimentally, the search can be performed in the B provide useful information. All the pentaquarks in the sssbc and ssscb systems are probably broad states. It seems not easy to study them
In the hidden-charm and hidden-bottom cases, the colored heavy quark pair may be generated from a gluon. However, in the B c case, the two heavy quarks are produced from different gluons, which indicates that the masses of the pentaquarks with colored bc or cb are probably affected importantly by the colorless B c channels. The effects could be studied in a future work.
VI. DISCUSSIONS AND SUMMARY
Recently, the existence of heavy quark states with four quark constituents has been confirmed. Heavy quark pentaquarks should also exist from various theoretical calculations, where the less kinetic energy is helpful to their formation. The observed hidden-charm resonances P c (4380) and P c (4450) give an evidence for the existence of pentaquarks, although the states still need further confirmation. For a heavy quark many-body system, the number of the spin partner states becomes large with the increasing number of quarks and the mass splittings between these states should not be large. The identification of such states will help us to understand the formation of multiquark states in QCD. As a preliminary study, we have here investigated the ground state compact pentaquarksQQ (q = u, d, s and Q = b, c) with colored QQ in a simple model.
We have constructed the flavor-color-spin wave functions for the nnncc (n = u, d) pentaquark states from the SU(3) symmetry and calculated the color-spin interactions for the systems. Their masses are estimated with different reference thresholds. Although the study is not a dynamical calculation, the obtained mass spectrum gives a basic feature for the possible pentaquarks. The constructed wave functions are also helpful to study hadron decays in quark models. After including the SU (3) breaking effects and extending the calculation to other heavy quark cases, we obtain systematic results for various pentaquark systems.
There is a feature for the states we considered: the transition from the colored QQ into the colorless QQ should be suppressed and thus the branching ratios for the hidden-flavor decays are small. Our results indicate that most pentaquarks have open-flavor decay channels and should be broad states. The high spin states with J P =
2
− probably have relatively narrow widths because the D-wave decays are suppressed. In these pentaquark states, an interesting observation is that the nnsQQ systems contain the low mass and thus narrow Λ-like states. To search for them, the invariant mass distributions in the J/ψ (or η c , Υ, B c )+ Λ channel are strongly called for. In the literature, many investigations were performed in the molecule models. Here we find that pentaquark states below the molecules are also possible. Compared with possible baryon-meson molecules, the compact pentaquarks with the coloredcluster should have smaller branching ratios for the hidden-flavor decay channels.
In the present study, we have used the effective coupling constants derived from the conventional hadrons. The couplings are related with the hadron wave functions. But the wave functions in the conventional hadrons and those in the multiquark states should be different, one needs further investigations to answer whether this extension is appropriate or not.
In short summary, we have estimated the masses of the hidden-charm pentaquarkscc with a color-magnetic interaction and several reference thresholds, where thecluster is always a color-octet state. Their hidden-bottom and B c -like partners are also investigated. In each case, we find that pentaquarks with lower masses than hadronic molecules are possible. In the obtained baryon states, the lowest ones seem to be the J P = 1 2 − Λ-like pentaquarks with suppressed decay channels, and the J P =
− ones decaying through D-wave seem to be relatively narrow, while more states have S-wave open-flavored decay channels and should be broad. The masses and widths of the LHCb P c (4380) and P c (4450) are compatible with these features.
